Introduction
Spiro compounds with specific steric configurations have attracted attention as organic functional materials in terms of their specific physical properties, and as a result an important class of spiro compounds with high glass transition temperatures has evolved for use as optoelectronic materials. [1] [2] [3] [4] [5] [6] [7] [8] In particular, much of the recent research into blue light-emitting materials has centered on spiro-based derivatives, because of their high solution and solid state photoluminescence quantum yields. 3, 9 A considerable amount of evidence indicates that OLEDs based on a high glass transition temperature (T g ) amorphous thin film are less vulnerable to heat damage, and hence, are more stable in use. [10] [11] [12] [13] [14] [15] [16] Thus, high Tg materials are always desirable in OLED applications. Organic conjugated materials continue to attract considerable interest because of their potential applications in optoelectronic devices. On the other hand, amorphous triarylamines, which have high glassy state stability, are suitable as hole-transporting materials in organic light emitting devices (OLED). Many attempts have been made to develop new amorphous triarylamines with high morphological stability, and the introduction of the spiro linkage has resulted in the generation of triarylamines with higher T g values. 16, 17 Asymmetric substituted triarylamines normally yield thin films of high thermal stability. [18] [19] [20] [21] [22] [23] [24] Furthermore, the primary structural feature of amorphous triarylamines that exhibits high morphological stability is a stable noncoplanar conformation, which can efficiently inhibit crystallization. 25 To explore a complicated light-emitting system and gain better insight of the effects of spiro-substituted moieties on electronic structure, we present the designs and syntheses of a spiro-based host and of dopant materials, and the results of an investigation of their electroluminescence properties as blue light-emitting materials.
Experimental
Materials and Instruments. Tetrakis(triphenylphosphine) palladium(0), n-butyllithium, diphenylamine, 4-(diphenylamino) phenylboronic acid, N-(m-tolyl)phenylamine, N-phenyl-2-naphthylamine and potassium t-butoxide (Sigma-Aldrich Chem) were used as received. Palladium acetate and tri t-butylphosphine (TCI Chem) were used without further purification. Tetrahydrofuran and toluene were distilled over sodium and calcium hydride. 5-Bromo-spiro[fluorene-7,9′-benzofluorene] (1) was prepared using a previously reported method. 20 FT-IR spectra were obtained using a Biorad Excaliber FTS-3000MX spectrophotometer, and 1 H NMR and 13 C NMR spectra were recorded on a Bruker, Avance 500 (500 MHz) spectrometer. Photoluminescence (PL) spectra were recorded on a fluorescence spectrophotometer (Jasco FP-6500) and UV-vis spectra were obtained using a UV-vis spectrophotometer (Shimadzu, UV-1601PC). Elemental analyses were performed using a CE Instrument (EA1110), and DSC measurements were performed using Mettler DSC-822e under nitrogen at a heating rate of 10 o C/min. Low and high resolution mass spectra were recorded using a mass spectrometer (JEOL, JMS-AX505WA) in FAB mode.
Synthesis of 5-[4-(1-Naphthyl)phenyl]-spiro[fluorene-7,9'-benzofluorene] (BH-1PN). Compound 1 (6.23 g, 14 mmol), 4-(naphthalene-1-yl)phenylboronic acid (3.65 g, 15 mmol) and tetrakis(triphenylphosphine)palladium(0) (0.81 g, 0.70 mmol) were dissolved in THF (100 mL) in a two-necked flask with stirring under nitrogen for 1 h. To the above reaction mixture was added a solution of potassium carbonate (2 M, 100 mL) dropwise over 30 min, and the reaction mixture was refluxed for 12 h under nitrogen. After cooling to ambient temperature, the reaction mixture was extracted with methy-lene chloride and water. The organic layer so obtained was evaporated using a rotary evaporator, and the residue obtained subjected to column chromatography using methylene chloride/ n-hexane (1/3) as eluent. A yellow powdery product was obtained.
Yield 75 mmol) were dissolved in THF (100 mL) in a two-necked flask with stirring under nitrogen for 1 h. To the above mixture, was added a solution of potassium carbonate (2 M, 100 mL) dropwise over a period of 30 min. The mixture was then refluxed for 12 h under nitrogen. After being cooled to ambient temperature, the mixture was extracted with methylene chloride and water. After evaporating the organic layer so obtained using a rotary evaporator, the residue was subjected to column chromatography using methylene chloride as eluent to give the yellow powdery product.
Yield 41 mmol) were dissolved in anhydrous toluene under nitrogen. To this mixture was slowly added a solution of tri-t-butylphosphine dissolved in toluene (0.5 M, 3.1 mL) and potassium t-butoxide (3.02 g, 31 mmol). The reaction mixture was stirred for 18 h at 100 o C, then diluted with methylene chloride, and washed with distilled water (50 mL) three times. The organic layer so obtained was dried over anhydrous MgSO4 and evaporated under reduced pressure to give the crude product, which was purified by col umn chromatography using methylene chloride/n-hexane (2:3) as eluent.
Yield 65%. 
Results and Discussion
Synthesis and Characterization. The Suzuki and amination reactions were used to obtain the various spiro-type hosts and dopants, namely, BH-1PN, BH-1TPA, BH-1MDPA and BH-1TPA, as shown in Scheme 1. BH-1PN host material and Optical Properties. UV-vis and photoluminescence (PL) spectra of the spiro compounds are shown in Figure 1 . In the case of BH-1PN host material, maximum absorption in the UV-vis spectrum was observed at λmax= 351 nm in THF and the PL emission peak was at 423 nm. BH-1TPA showed a UV-vis absorption maximum at 356 nm and with an onset at 374.3 nm (corresponding to a band gap energy of 3.31 eV), whereas BH-1NPA showed a UV absorption maximum at 390 nm and an onset at 431.2 nm. BH-1MDPA dopant had a λ max at 392 nm due to a π→π* transition derived from the conjugated substituted diphenylamine group. The PL maximum absorptions of BH-1TPA, BH-1NPA and BH-1MDPA were located at 448, 468 and 450 nm in the typical blue region.
Thermal Properties. Differential scanning calorimetry (DSC) was performed to investigate the thermal properties of BH-1PN, BH-1NPA, BH-1TPA, and BH-1MDPA, findings are summarized in Table 1 C, respectively. BH-1TPA is more thermally stable than BH-1MDPA and BH-1NPA because it has a more symmetric structure and a higher molecular weight due to the presence of an additional phenylene group.
Energy Levels of HOMO and LUMO of Materials. A lowenergy photo-electron spectrometer was used to obtain information about the HOMO and LUMO energy values of host and dopants and to examine charge injection barriers. The optical energy band gap of BH-1PN was estimated to be 3.31 eV based on the energy threshold of its electronic absorption spectrum (Figure 1(a)) . The LUMO energy level of BH-1PN was estimated to be 2.64 eV, and its HOMO energy level to be 5.95 eV, as estimated from its optical band gap. The energy levels of BH-1TPA, BH-1MDPA, and BH-1NPA are shown in Table 2 . EL Properties. To study the EL properties of BH-1PN, multilayer devices with the configuration of glass ITO anode/hole injection layer (HIL)/hole transport layer (HTL)/emitting layer (EML)/electron transport layer (ETL)/electron injection layer (EIL)/Al cathode were fabricated. DNTPD was used as the HIL, α-NPD as the HTL, BH-1PN:5% dopant as the EML and Alq3 as the ETL; 10 Å LiF was used as the EIL. Figure 2 shows the EL spectra of a device composed of BH-1PN doped with various dopants at 7 V. Most of the EL spectral activity occurred at 440-445 nm. The EL spectra correlated well with the PL spectra of BH-1PN. Based on the EL spectrum, CIE coordinates of the emitting layer BH-1PN doped with 5% TPA were measured to be 0.15 and 0.09. The device composed of BH-1PN without dopant showed an EL spectrum at 440nm while the other EL spectra were shifted by 5 nm toward longer wavelengths. The emitting color of the device comprised of BH-1PN:5% BD-1, BH-1MDPA, BH-1NPA and BH-1PN without dopant in the emitting layer Figure 4 . Charge injection starting to emit light from these devices was at around 4.2 V. Device 1 using BH-1PN:5% BD-1 had the greatest current efficiency of 2.91 cd/A. It was obvious that the luminance efficiencies of devices made using BD-1 were greater than those of devices made using the other dopants. Evidently, BH-1PN itself has low luminance and luminance efficiency, which is probably due to a thin emission layer that leads to leakage of un-recombined carriers or luminescence quenching. Thus, Alq3 was required as an electron transporting material to shift the recombination zone from the electrodes and to reduce radiative quenching.
The current density-voltage characteristics of the OLEDs doped with various dopants are presented in Figure 5 . The voltage-current density characteristics of the devices with the structure, ITO/DNTPD/α-NPD/BH-1PN:5% dopant/Alq 3 /AlLiF, exhibited typical diode behavior and their luminances were strongly influenced by dopants, as shown in Figure 5 . It was found that devices derived from BH-1PN showed low current densities. At a driving voltage of 7 and 10 V, current densities reached 8.8 and 106.5 mA/cm 2 for Device 3 using BH-1PN:5% BH-1TPA, respectively. Unsatisfactorily, somewhat higher turn-on voltages were measured for BH-1PN: BD-1 than MADN:BD-1 at same doping levels. These higher turn-on voltages were presumably due to the increasing electron injection barrier of BH-1PN, which concurs with its higher LUMO level. Figure 6 shows current density-dependent variations of luminance efficiencies for a series of BH-1PN host devices doped with 5% BD-1, BH-1TPA, BH-1MDPA, or BH-1NPA and for undoped BH-1PN. Details of the EL performances of these devices are shown in Table 3 . The devices were found to be less susceptible to current-induced quenching up to a current density of 60 mA/cm 2 , and consequently, devices comprised of BH-1PN:5% BD-1 maintained a efficiency of 2.50 cd/A throughout the measured current density range. As current density was increased gradually, emitting efficiency increased rapidly. This implies that an exciton is formed and light is emitted at specific thresholds. It should be noted that the efficiencies of these devices remain stable when the current density is increased from 5 to 60 mA/cm 2 ( Figure 6 ).
Conclusion
A new blue spiro-type host material BH-1PN and three new blue spiro-type dopants BH-1NPA, BH-1TPA and BH-1MDPA were prepared and used as host and dopants to construct blue OLEDs. OLEDs composed of BH-1PN as a host with the structure, ITO/DNTPD/α-NPD/BH-1PN:5% dopant/Alq 3 /Al-LiF, were fabricated and characterized. In optimized structures, the device obtained using BH-1PN:5% BD-1 had greatest luminance at 1598 cd/m 2 , at a current density of 106.5 mA/cm 2 being 2.91 cd/A with color coordinates of 0.15 and 0.09.
